Aspergillosis is an important mycosis caused primarily by Aspergillus fumigatus and its relatives. The genus Emericella is a teleomorph related to the Aspergillus section Nidulantes. The typical anamorphic stage species in this genus is Aspergillus nidulans, which is sometimes a significant agent in chronic granulomatous disease（CGD）patients. The mortality rate of osteomyelitis in CGD patients due to A. nidulans（E. nidulans）is very high compared to that due to A. fumigatus. Moreover, two Emericella species（E. nidulans and E. quadrilineata）from clinical specimens exhibit different sensitivities against several antifungal drugs. In aspergillosis, correct species identification is important for antifungal therapy.
Introduction
The number of recognized mycoses is increasing with the progress of advanced medical care. Among them, aspergillosis, caused primarily by Aspergillus fumigatus and its relatives, is of great importance. The relationships of these organisms have been thoroughly investigated with regard to molecular phylogenetics, morphology, and physiological characteristics 1） . However, other species of Aspergillus and related genera that are etiological agents of aspergillosis have not yet been investigated.
The genus Emericella is a teleomorph related to the Aspergillus section Nidulantes. The typical anamorphic stage species in this genus is Aspergillus nidulans. Six species of this genus have been reported to be etiological agents of chronic granulomatous disease（CGD） , osteomyelitis, onychomycosis, and related diseases 2−6） . In 2004, Dotis and Roilides compared osteomyelitis in CGD patients due to A. nidulans（E. nidulans）with that due to A. fumigatus. Half of the CGD patients with A. nidulans osteomyelitis died, compared with none of those with A. fumigatus osteomyelitis 6） . In addition, Verweji et al. demonstrated the importance of correct species identification by sequence-based analysis because E. nidulans and E. quadrilineata from clinical specimens exhibit different sensitivities against several antifungal drugs, including amphotericin B, voriconazole, and caspofungin
7）
. These data indicate that correct species identification of the etiological agents in aspergillosis and CGD is essential in clinical practice.
In this study, we developed a rapid and specific molecular discrimination method for pathogenic Emericella species with the ability to discriminate between E. nidulans and E. quadrilineata using polymerase chain reaction（PCR）and loop-mediated isothermal amplification（LAMP）methods 8） . These methods are already in use in clinical or hygienic laboratories to identify viruses and bacteria in Japan. In these methods, the primer design is very important. We used hydrophobin gene in primer design because this gene is used in the identification of Aspergillus at the species level and has more variations among pathogenic Emericella species than other genes.
Materials and Methods

Strains in this study
Strains were preserved at the Medical Mycology Research Center, Chiba University（IFM）or purchased from the National Institute of Technology and Evaluation -Biological Resource Center（NBRC） , the Centraalbureau voor Schimmelcultures（CBS） , American Type Culture Collection（ATCC） , and International Mycological Institute（IMI） . Strains are listed in Table 1 .
Sequencing analysis and molecular phylogenetic analysis DNA was extracted from all examined strains with a DNA extraction kit（Dr. GenTLE TM , Takara Bio Inc., Shiga, Japan）according to the manufacturerʼs instructions. A part of the hydrophobin gene was sequenced directly from PCR products using primer pair rodA1 and rodA2
9）
. PCR products were sequenced using the BigDye Terminator Cycle Sequencing Ready Reaction Kit（Applied Biosystems, Foster City, CA, USA）on an ABI PRISM Ⓡ 3130ABI Genetic Analyzer（Applied Biosystems） , according to the manufacturerʼ s instructions. New sequences were deposited in the DNA Data Bank of Japan（DDBJ）and the accession numbers are listed in Table 1. DNA sequences were edited using ATGC Ver. 4 sequence assembly software（Genetyx Co., Tokyo, Japan） , and alignment of the sequences was performed using CLUSTAL X software 10） . Maximum parsimony （MP）analysis 11） was performed by a heuristic search with random addition sequences, branch swapping by tree bisection-reconnection（TBR） , and MAXTREES set at 20,000, using PAUP* 4b10
12）
. The relative robustness of the individual branches was estimated by bootstrapping 13） , with 1000 replicates, using a heuristic search and branch swapping by TBR and MAXTREES set at 100. For neighbor-joining（NJ）analysis 14） , distances between sequences were calculated using Kimuraʼs two-parameter model 15） . Primer design PCR primers specific for E. nidulans and E. quadrilineata were designed corresponding to the hydrophobin gene. The sizes of amplification fragments in each primer are 158 bp and 191 bp, respectively. A set of LAMP primers were also designed corresponding to the hydrophobin gene using LAMP primer design support software （Primer Explorer version 4.0.0; Eiken genome; https://primerexplorer.jp/lamp4.0.0/ index.html） . As LAMP primers, a set of six oligonucleotides comprising two outer（F3 and B3） , two inner（FIP and BIP） , and two loop primers（LF and LB）recognizing eight distinct regions on the target sequence were designed. The FIP primer consisted of F2 and the complementary strand of F1（F1c） . The BIP primer consisted of B2 and the complementary strand of B1（B1c）
8）
. The sequences of all primers in this study are listed in Table 2 .
PCR and LAMP assays PCR reactions were performed with Ready-To-Go PCR Beads（GE Healthcare UK Ltd., Buckinghamshire, England） . The 25 μl reaction mixture was composed of 2 μl DNA sample, 2 μl each primer（2 pmol） , and 19 μl distilled water. PCR conditions specific for E. nidulans （En1F and En1R）consisted of denaturation at 95℃ for 10 min followed by 35 cycles with each cycle consisting of 95℃ for 60 sec, 50℃ for 60 sec, and 72℃ for 60 sec, with a final extension at 72℃ for 10 min. PCR conditions specific for E. quadrilineata（Eq1F and Eq1R）con-sisted of denaturation at 95℃ for 10 min followed by 35 cycles with each cycle consisting of 95℃ for 60 sec, 59℃ for 60 sec, and 72℃ for 60 sec, with a final extension at 72℃ for 10 min. The evaluation of PCR primers was performed by gel image analysis. PCR products were separated on 2% agarose gels, stained with ethidium bromide, and visualized with UV light. The LAMP reactions were performed with a Loopamp DNA amplification kit（Eiken Chemical Co., Ltd., Tokyo）in reaction mixtures composed of 40 pmol each of primers FIP and BIP, 5 pmol each of primers F3 and B3, 20 pmol each of primers LF and LB, 12.5 ml 2 × reaction mixture, 1 μl Bst DNA polymerase, 2 μl DNA sample and distilled water up to a final volume of 25 μl. The LAMP reactions were analyzed by a real-time turbidimeter（RT-160C; Eiken Chemical）and were conducted at 65℃.
Measurement of detection sensitivity
The genomic DNA concentration of the target species was measured by a NanoDrop（LMS, Tokyo） . The samples were diluted stepwise at 0.1 − 1000 pg/ μl using DNase/RNase-free distilled H2 O. We used PCR and LAMP methods to measure the detection sensitivity of these primers.
Nested PCR and LAMP methods using first PCR product as a template（Nested LAMP） We performed nested PCR and nested LAMP if normal PCR and LAMP assays did not detect target DNA. For the first PCR, primers rodA1 and rodA2 were used with E. nidulans and E. quadrilineata DNA, respectively. The DNA concentrations of the first PCR corresponded to the non-detected concentrations of normal PCR and LAMP methods. The first PCR conditions consisted of denaturation at 95℃ for 10 min followed by 35 cycles with each cycle consisting of 95℃ for 60 sec, 55℃ for 60 sec, and 72℃ for 60 sec, with a final extension at 72℃ for 10 min. PCR products were purified using Suprec-02（Takara） . The purified PCR products were used as a template for the second PCR using primers specific for E. nidulans（En1F and En1R） . Nested PCR was also performed for E. quadrilineata in the same way using primers Eq1F and Eq1R. Nested LAMP was performed using the purified first PCR product as template with respective species-specific primers.
Results
Phylogenetic analysis of pathogenic Emericella species
Evolutionary history was inferred using the Maximum Parsimony method with the hydrophobin gene, the sequence length of which was 381bp. Trees were 318 steps in length with a CI of 0.735 and an RI of 0.591. No differences were seen between tree topologies from MP and NJ analyses. The phylogenetic relationships of pathogenic Emericella species are shown in Fig. 1 . E. nidulans and E. quadrilineata, which are major etiological agents in this genus, are closely related in the phylogeny. The homology of the two species was 87.1%. E. parvathecia isolated from human skin is identical with E. quadrilineata in morphology. Moreover, the two species formed a single clade and could not be distinguished by the hydrophobin gene because their homology was 99.4%.
Species specificities of PCR and LAMP methods
PCR primes which are specific for E. nidulans were designed based on phylogenetic relationships. This primer pair amplified E. nidulans DNA specifically（Fig. 2-A, lane 1-2） . There were no amplifications in other pathogenic Emericella species（lane 6-10） , major pathogenic Aspergillus species（lane 11-15） , or other fungi that are widely distributed in the environment （lane 16-23） . In a LAMP assay specific for E. nidulans, we were able to specifically discriminate this species within 30 min（Fig. 3-A, No. 1 and No. 2） .
PCR primers specific for E. quadrilineata amplified this species and E. parvathecia DNA （Fig. 2-B, lane 3-5） . The experiment using LAMP primers for E. quadrilineata also amplified E. parvathecia DNA（Fig. 3-B, No. 3-5） , but did not show cross-reactivity with other pathogenic or environmental fungi. We were able to discriminate these species from other fungi within 40 min.
Additionally, we tested eight strains of E. nidulans （IFM 54308, 55887, 55888, 55368, 57468, 58456, 58457, and 58458）and five strains of E. quadlirineata（IFM 42014, 42027, 54219, 57992, and 58459） . The DNA of these strains was also detected by each specific primer in PCR and LAMP methods.
Detection sensitivities of PCR and LAMP methods
The detection sensitivities of the PCR and LAMP methods are shown in Table 3 . These primers specific for E. nidulans could detect target DNA at 1 pg/μl and 10 pg/μl, respectively, while PCR and LAMP primers specific for E. quadrilineata could detect target DNA at 0.1 pg/μl and 10 pg/μl, respectively. Nested PCR was not performed with Eq1F and Eq1R primers because this primer pair could detect target DNA at minimal concentrations. We could also detect 0.1 pg/μl DNA by nested PCR and nested LAMP methods in other primers.
Discussion
In PCR and LAMP with primers specific for E. quadrilineata, unfavorable reactions occurred. These primers amplified E. parvathecia DNA because there were no differences in the hydrophobin gene sequence Fig. 2 . Species-specific amplifications of DNA fragments with primers specific for E. nidulans（A）and E. quadrilineata（B） . Numbers in the gel images（1 to 23）correspond to the DNA template No. shown in Table 1 and M means molecular size marker. Fig. 3 . Specificities of LAMP assay with primers specific for E. nidulans （A）and specific for E. quadrilineata（B） . Numbers in each figure correspond to the DNA template No. shown in Table 1 . There were no amplifications in other fungi （DNA template No. 6-23）in each primer（data not shown） . between these two species（Fig. 1） . We also analyzed partial gene sequences of β-tubulin, calmodulin, actin, and the ITS region that are used in Aspergillus taxonomy 16） . In these sequences, no differences were found between E. quadrilineata and E. parvathecia （accession Nos. of DDBJ are AB248335, AB524052, AB476788, AB243111, AB524048, and AB476784） . The homologies of the three genes（β-tubulin, calmodulin and actin） in two species were 100%. In the original description, E. parvathecia has ascospores with two pleated equatorial crests 17） . However, Horie revealed that this species has ascospores with four equatorial crests by SEM images identical to those of E. quadrilineata
18）
. Other morphological features of these species are also similar. E. parvathecia was described from human skin but without a convincing case report 5） . Thus, we now consider this species as a synonym of E. quadrilineata.
There are five previous studies in which the LAMP method was used for fungi pathogenic to humans. The species include Paracoccidioides brasiliensis . There are no reports concerning discrimination by the LAMP method in Aspergillus and relatives. LAMP primers in most reports were designed based on rRNA genes. In fungi, this gene is present in hundreds of copies per genome and the high copy number can act as a preamplification step, enabling an increase in amplicon yield 24） . rRNA genes are very useful to detect etiological agents because the volume of fungal DNA from clinical specimens is very low.
The Internal Transcribed Spacer（ITS）region satisfies most of the aforementioned requirements of a "universal" marker since this region can be reliably amplified for most fungi, is conserved, is present as multiple copies in the fungal genome, yields sufficient taxonomic resolution for most fungi, and has the additional advantage that the GenBank（http: //www. There is considerable consensus regarding the use of ITS sequencing as the initial step in mold identification. However, an international Aspergillus working group proposed the following recommendations:（i）the term "species complex"as an alternative to"section", （ii）use of sequences from the ITS region for identification of Aspergillus isolates to the species complex level, and（iii） comparative sequence analyses of the β-tubulin region for species identification within a complex 26） . Thus, species identification based on β -tubulin or other functional genes which are used in Aspergillus taxonomy is recommended for aspergillosis. This study is the first report using the LAMP method in Aspergillus and relatives based on Aspergillus working group recommendations and recent Aspergillus taxonomy.
The use of PCR and real-time PCR assays for detection or differentiation in A. nidulans has already been reported 27−32） . Thus far, all such studies have used rRNA regions to design primers. On the other hand, Kanbe et al. established a PCR-based identification system for Aspergillus species（containing A. nidulans） using the DNA Topoisomerase II gene 33） . This report indicated that PCR-based identification with a functional gene（usually several copies per genome）is practical. Our PCR primers are also useful because they were designed based on Aspergillus working group recommendations and recent Aspergillus taxonomy. With primers designed for the same region, it is easy to carry out nested PCR and nested LAMP methods. Detection sensitivities for PCR and LAMP become higher with a second assay.
In Japan, PCR and LAMP methods are beginning to be used by the health care industry. Compared with other methods such as real-time PCR and sequencing based analysis, these methods are relatively easy to introduce as diagnostic tools and their costs are low. These methods, with the proper primers, can be used to diagnose etiological agents in aspergillosis easily and rapidly.
